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Abstract 
We demonstrate on-demand control of localized surface plasmons in metamaterials by means 
of incident light polarization. An asymmetric mode, selectively excited by s-polarized light, 
interfere destructively with a bright element, thereby allowing the incident light to propagate 
at a fairly low loss, corresponding to electromagnetically induced transparency (EIT) in an 
atomic system. In contrast, a symmetric mode, excited by p-polarized light, directly couples 
with the incident light, which is analogous to the switch-off of EIT. The light 
polarization-dependent excitation of asymmetric and symmetric plasmon modes holds 
potential for active switching applications of plasmon hybridization. 
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Electromagnetically induced transparency (EIT), which directly results from 
destructive quantum interference between alternative pathways, renders an opaque 
medium transparent over a narrow spectral range, resulting in a dramatic variation of 
refractive index. The EIT phenomenon has been applied to quantum nonlinear optics 
such as slow light, enhanced optical nonlinearities, ultrafast switching, and optical 
delay lines [1, 2]. Recently, a mimic of EIT in classical systems has drawn much 
attention to surface plasmon studies to reduce dissipation in metamaterials [3, 4], 
sensors [5], compact delay lines, and optical buffers [6]. In particular, 
plasmon-induced transparency [3, 7-9] is of great interest for merging plasmonics and 
metamaterials, with potential for magnetic and negative index metamaterials [10, 11] 
at optical frequencies as well as integrated plasmon-optical circuits. 
EIT in an atomic system requires two independent laser beams: one for probe and 
the other for pump [12]. In contrast, EIT in metamaterials requires an incident light 
field only, creating two plasmonic modes. Compared with EIT in an atomic system, 
the realization of plasmonic EIT in metamaterials is passive [13-15]. Here we propose 
an active scheme of plasmon-induced transparency for dynamic plasmon mode 
switching in plasmon hybridization. In this scheme, symmetric and asymmetric 
plasmon modes are designed to be degenerate for a certain wavelength. Depending on 
incident light polarization, the degeneracy can be broken for a dark mode. 
Accordingly, the speed of dynamic plasmon mode control is determined by the speed 
of light polarization. 
 
 
Fig. 1. (Color online) Schematic of the unit cell at oblique and top views, and the 
configuration of incident light. The unit cell is comprised of three metal strips with the 
geometrical parameters: l1 = 136 nm, W1 = 50 nm, l2 = 120 nm, W2 = 30 nm, u = 30 nm. 
The thickness of each strip is 20 nm. They are stacked vertically with a distance of h = 30 
nm, where the spacer is treated as air for simplicity without any loss of generality. The 
displacement of the upper and the lower strips is taken to s = 35 nm. The longitudinal 
shift of the two metal strips is denoted by Δ, which is a key factor in controlling the 
plasmonic modes. 
 
The structure of a unit cell is depicted in Fig. 1, where one silver strip is located in 
the upper layer, and two parallel silver strips are in the lower layer. In particular, the 
two lower layer strips have a longitudinal shift Δ, which is the critical factor in 
controlling the plasmon hybridization [14]. A plane wave of light is incident on the 
unit cell perpendicularly. Both s (electric component) and p polarizations (magnetic 
component) parallel to the upper strip are considered. We use the finite-difference 
time-domain (FDTD) method [16-18] for numerical calculations. The permittivity of 
silver is described by a Drude formula [19].  
Due to the plasmon hybridization, a compound structure consisting of several 
elementary components exhibits two pronounced resonances (i.e., lifted degeneracies) 
[13]. One resonance at a shorter wavelength is associated with a symmetric or 
superradiant plasmonic mode, ascribed to electric resonance; the other at a longer 
wavelength is associated with an asymmetric or subradiant plasmonic mode, 
attributed to magnetic resonance [14]. However, the spectral positions of these two 
modes can be controlled by a longitudinal shift Δ [14, 15]. Unlike the superradiant 
(bright) element, the subradiant element hardly couples with the incident light due to 
its vanishing dipole moment [3, 20]. In order to mimic EIT, the design of the 
subradiant (dark) element is of great importance using two parallel metal strips with a 
longitudinal shift Δ as shown in Fig. 1. 
 
 
Fig. 2. (Color online) Excitation of the individual subradiant element. (a) Incident wave 
is parallel to the metal pair and its magnetic component is perpendicular to the plane of 
the pair. The longitudinal shift Δ is varied from 45 to 85 nm. (b) Corresponding spectral 
responses are investigated by an Ey probe placed 10 nm away from the center of the end 
facet of one of the metal pair. 
 
In order to clearly illustrate the two resonance modes, the spectral responses are 
presented in a near-field zone for various shift Δ, as shown in Fig. 2. A far-field zone 
represents a weak coupling of the asymmetric mode with the incident light. Here the 
plane wave of light enters horizontally at a grazing angle, since the asymmetric mode 
can be activated by a vertical component of the magnetic field [3, 21]. In the 
numerical calculations, two pronounced resonances exist for the case of Δ = 45 nm 
and Δ = 85 nm. In Fig. 2(b), for Δ = 45 nm, one peak at 686.6 nm represents the 
symmetric mode; the other peak at 736.6 nm represents the asymmetric mode. In 
contrast, for the case of Δ = 85 nm, the modes are swapped. In the middle at Δ=65 nm, 
two modes cross over at the same point. This spectral variation is due to the evolution 
of Coulomb forces in the metal pair resulting from the interaction of charges located 
at the strip ends [14]. Interestingly, the two resonances nearly overlap at the same 
wavelength, 712 nm for Δ=65 nm, illustrating that the symmetric and the asymmetric 
modes are degenerate at the same wavelength. We now use this degeneracy for 
dynamic switching of plasmon modes by selection of incident light polarization. 
 Fig. 3. (Color online) Transmission spectra for either s or p polarization with Δ = 45, 65, and 85 
nm. 
 
Figure 3 shows numerical calculations for Fig. 1 for Δ = 45, 65, and 85 nm. When 
Δ = 65 nm, the absorption peak of the symmetric mode (dashed line) for p 
polarization of the incident light exactly coincides with the transmission peak 
(transparency) at line center of the asymmetric mode for s polarization (solid line). If 
the s polarized light is incident vertically, then only the asymmetric mode is 
selectively excited at the metal pair by the upper strip through the near-field 
interactions, resulting in the EIT-like peak at line center (λ  =  687.2 nm), which is 
explained as a dipole-quadrupole coupling [7,8]. For Δ = 45nm, the asymmetric mode 
is located on the right side of the symmetric mode. For Δ = 85nm, the positions of the 
asymmetric and symmetric modes are reversed. This phenomenon coincides with the 
results of Fig. 2. Compared with the resonant wavelength in the near-field zone [see 
Fig. 2(b)], the EIT-like peaks in Fig. 3 are all blue shifted, which could be attributed 
to the interaction of the upper strip with the lower pair and/or the retardation effect 
from the near-field to the far-field zones [22]. For the p polarized incident light, the 
EIT-like spectrum is totally wiped out and turns out into absorption (see the 
dashed-dot line). Obviously, the plasmonic EIT can be manipulated by selecting the 
polarization of light without an extra incident field. 
 
Fig. 4. (Color online) (a) Distribution of electric field Ey for the incidence with s 
polarization at the wavelength of plasmon-induced transparency, 687.2 nm. The electric 
field vector overlays Ey for better visualization. (b) Distribution of Ey and the vector of 
the electric field for the incidence with p polarization at the wavelength of the 
transmission dip, 687.2 nm. 
 
To speculate the physical origin of mode control using the light polarization in Fig. 
3, we take a closer look at the distribution of the induced electric fields for s and p 
polarizations at the wavelength of 687.2 nm. Figure 4(a) shows that electric field Ey is 
mainly localized at the ends of the metal pair but shows a moderate concentration 
between the pair strips due to Δ. Figure 4(a) presents an asymmetric mode for s 
polarization. The color at the ends of the strips shows the asymmetric feature. 
Although the asymmetric mode cannot be directly excited by the external optical field 
at normal incidence due to the lack of a vertical H component, it is accessible by the 
near-field interactions, where the external incidence with s polarization resonantly 
excites the upper metal strip first, and then interacts with the lower strips in the form 
of dipole-quadrupole coupling. If the polarization of the incident light changes to p, 
the electric field illustrates a distinct behavior differing from the case of s polarization. 
As shown in Fig. 4(b), the distribution of the electric field at the end of the pair strips 
is the same as in the symmetric mode. Because the symmetric mode is able to couple 
with the external incidence directly, the near-field interaction does not take effect. As 
a result, the vanishing transmission appears when the light is vertically incident on the 
surface with p polarization and excites the symmetric mode in the lower strips. 
Therefore, a plasmonic EIT switching can be realized by choosing the polarization of 
the incident light. Accordingly, the approach taken to alter the polarization determines 
the method needed to tune the EIT-like effect. The plasmonic EIT could be switched 
on and off by either an electric or optical method. For instance, if the proposed 
structure is integrated with a Pockels cell, where the Pockels cell is used for light 
polarization switching based on induced birefringence by an applied voltage [23], 
electro-optic switching can be achieved. If the proposed structure is integrated with a 
multiple quantum well, where an optically addressed polarization can be switched 
based on the near-resonant excitation of a spin-polarized excitons [24], all-optical 
switching can be realized. 
In conclusion, we investigated on-demand plasmonic switching using polarization 
selection of incident light. The degeneracy of symmetric and asymmetric modes in the 
plasmon hybridization is achieved by elaborately adjusting the longitudinal shift of 
the metal pair for a resonant wavelength. Based on this, we proposed a scheme by 
which the plasmonic EIT can be switched on and off, depending on the polarization 
selection of the incident light, since degeneracy holds for wavelength, not for 
polarization in such a structure. The proposed idea could be integrated with a Pockels 
cell or multiple quantum wells to switch the EIT-like effect. 
This work was supported by the CRI program (No. 2010-0000690) of the Korean 
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